We investigate here the properties of fast sol-gel for optical bonding. The precursors of the fast sol-gel material are organically modified alkoxides generating a transparent hybrid (organic-inorganic) substance with silica glass-like properties whose index of refraction can be modified by the addition of various metal-oxides. The fast sol-gel method consists of rapid fabrication of a viscous resin and its subsequent dilution for long shelf life use. This material, when used as an adhesive offers the option of either a thermal or UV curing procedure. We demonstrate a bonding strength of ∼ 10 MPa when a 15 µm layer is applied between two glass elements. The bonding remained stable after an extensive -40 • C -120 • C temperature cycling with minimal residual solvent evaporation at 150 • C. The fast sol-gel material was tested for optical bonding between silica bulks, between silica bulk and silicon wafers and as an adhesive in silica fibre couplers.
INTRODUCTION
Robust optical bonding is essential for advanced optical systems. Most optical adhesive materials that are in use today are based on organic constituents such as epoxy, UV-cured acrylic and silicone polymers, and suffer therefore from poor thermal and irradiation stability and limited transparency [1] - [4] . On the other hand, physical bonding methods such as optical contact bonding or diffusion bonding are stronger and more durable but require higher working temperatures, high-level surface flatness and cleanliness which make them impractical for many applications [5] - [9] . A novel approach to overcome this problem is to use sol-gel based materials which combine the thermal and optical power stability of inorganic materials with the ease and flexibility of applying organic materials. The use of sol-gel based materials for adhesive bonding was already demonstrated in some studies [10] - [12] but with limited success. We present here an alternative bonding method, based on fast sol-gel, which successfully combines the simplicity of organic bonding materials with optical and physical properties of glass-like materials. This method provides high optical quality bonding with high thermal and irradiation power stability. The adhesive material is easy to process and its optical and physical properties can be adapted to specific requirements.
The sol-gel method is a well known process for preparing glass-like materials at low temperatures (25 • C -80 • C) [13] - [15] . Using the sol-gel technique thin films can be fabricated with refractive indices over a broad range (1.2 -2.0). Sol-gel materials with high refractive indices (> 1.46) can be obtained by manufacturing a silica skeleton with higher refractive index additives, such as metal oxides (alumina, titania, zirconia etc.). In this case the increase in the refractive index is a linear function of the additives concentration [16] - [21] . Low refractive indices can be obtained by controlling the amount of porosity in the matrix [22, 23] .
A drawback of preparing materials by the conventional solgel process (using only alkoxides as precursors) is the formation of cracks which limits the achievable bulk size to a few cm, or the achievable film thickness to < 1 µm [24, 25] . The fast sol-gel method allows preparation of crack-free bulks or films without shrinkage and with low residual organic content (∼ 20 wt%) in a relatively short process [26] - [28] . These materials exhibit excellent optical qualities, are thermally stable and have good adhesive properties. The fast sol-gel method uses a combination of organically modified alkoxides with traditional alkoxides as precursors, obtaining a final product which is an organic-inorganic hybrid with properties that vary from silicone rubber to silica glass. We have adapted this method for manufacturing optical bonding materials.
METHODOLOGY
A detailed description of the fast sol-gel method can be found in [26] - [28] . Briefly, sol-gel precursors (alkoxides and organically modified alkoxides) are mixed and undergo hydrolysis and condensation. The fast sol-gel reaction is performed at a temperature of about 100 • C under time-varying pressure conditions (from several atmospheres to vacuum). In this way a viscous sol-gel resin is quickly produced which, after a fast and simple curing process, leads to the final glass-like product. However, for optical bonding applications a long shelf-life is required. By diluting the viscous sol-gel resin with an appropriate solvent shortly after preparation, the diluted material can be kept for several months as a solution until required for use. The diluents can be removed by moderate heating or evaporation. The bonding procedure consists of spreading a thin film of the material on each surface by using either a spinner, a dipping technique, or by spraying and applying pressure on the surfaces. The sol-gel layer is subsequently cured either thermally or by UV irradiation (see following Section 3).
The optical and physical characterization of the adhesive material was performed as follows; Thermo-gravimetric analyses (TGA) were conducted with three different commercial instruments 
CURING
The fast sol-gel method requires only a simple curing process. After a short preparation time (about 15 minutes) the hydrolysis and condensation reactions are completed and a viscous resin with about only 4% residual liquid is obtained. Therefore, just a short time of low temperature curing (< 100 • C) is required to achieve complete residual liquid evacuation and full solidification. Due to the additional flexible organic tails in the silica skeleton of the fast sol-gel, stresses are released, crack formation is avoided and crack-free bulk monoliths or films are produced. We studied the thermal curing process using FTIR spectroscopy. The measurements were performed with thin sol-gel films coated on silicon substrate in order to overcome the strong absorption in this range, (400 -4000 cm −1 ). Figure 1 presents the FTIR spectrum as a function of thermal curing time for a sample with 18 wt% organic residuals. The spectrum is divided into two absorption ranges, 400 -1800 cm −1 (a) and 2500 -4000 cm −1 (b). An increase in the transmission at 3400 cm −1 and at 900 cm −1 as function of thermal-curing time was observed, corresponding to OH stretching [29, 30] and Si-OH bending [29] - [31] modes respectively. This increase is representative of the progress of the polymerization process. The decline of the peaks at 3400 cm −1 and 900 cm −1 halted after 24 hours indicating that the poly- merization was completed. The left residue at 3400 cm −1 and 900 cm −1 is due to surface Si-OH groups and can be completely removed only at high temperature [32] .
Some applications in electro-optics require a shorter curing procedure, where UV-curing techniques are applied. These techniques are very common and well established in optical bonding and photo-lithography. During the last decade, UV-curing of sol-gel materials with high content of organic residual was demonstrated and applied using organic modified silicates (ORMOSILs) of the class organic modified ceramics (ORMOCERs) [33] - [38] and epoxy based hybrids [39, 40] . Here we demonstrate the capability of UV-curing of low content organic residuals fast sol-gel material. To enable UVcuring, a photo-initiator for initiation of the polymerization process, is added to the fast sol-gel material with the diluter solution. This sol-gel solution was coated on a silicon substrate using a spin coating technique, followed by few seconds UV exposure through a lithographic mask, and washing the un-polymerized section using a developer. from sub-micron up to several hundreds microns can be prepared in this way. Figure 3 presents the FTIR spectrum as a function of UVcuring time. The increase in transmission is observed at 3400 cm −1 and at 900 cm −1 and at 1180 cm −1 (corresponding to Si-O-CH 3 ). These spectra reveal that the polymerization is already completed after 60 seconds.
PHYSICAL PROPERTIES
The optical properties of the fast sol-gel material can be found in [26] - [28] . The fast sol-gel bonding material presents excellent optical transmittance in the visible range (400 -1100 nm) with optical loss less than 0.05 cm −1 . There are some absorption peaks in the 1100 -1700 nm range due to vibration of Si-O, O-H bonds, and C-H bonds with an optical loss less than 1 cm −1 .
A major aspect of the optical bonding performance is the ability to match the refractive index of the bonding material to the optical components. The sol-gel's refractive index can be controlled as a linear function of added metal oxides such as alumina, titania or zirconia. Figure 4 shows the refractive index value as function of the amount of titania in the fast sol-gel. By controlling the refractive index of the bonding material we succeeded to match its refractive index to bonded fibres and were able to transfer several hundred watts from one fibre to the other with efficiency greater than 95%.
Another important characteristic is the viscosity of the material. Each application will require its own optimal viscosity as an adhesive material. In order to avoid solidification of the fast sol-gel resin and to enable a long shelf life, a dilution procedure was developed [41] . A standard organic polar solvent was used for dilution to prevent full polymerization. The dilution was done shortly after preparation of the viscous sol-gel resin. The diluting solvent dissolves the sol-gel polymer particles and this suspension can be kept in a solution state for several months. In these suspensions one can achieve any re- in Figure 5 . After dilution, the sol-gel solution was easily filtered and did not polymerize for several months. The dilute material can be prepared for use for optical bonding by removal of the diluent by moderate heating or by solvent evacuation, until the appropriate viscosity is achieved.
An additional issue with optical bonding applications is the amount of residual volatile solvent left in the final product. The fast sol-gel final samples were tested using TGA to examine the weight loss due to evaporation of residual solvents [41] . The weight loss up to 150 • C, 1%, (shown in Figure 6 ) is due to water and alcohol evaporation and at higher temperatures, 4%, is due to breaking off organics tails. These values are much lower than values reported for other sol-gel hybrid materials [42] - [44] , demonstrating that by the fast sol-gel method very dry and stable final bulk monoliths or films can be fabricated in a short time.
APPLICATIONS
Optical bonding using the fast sol-gel material was demonstrated of bonding silica elements, of silica elements with silicon wafer, and as well in silica fiber couplers. In each case the bonding was tested for transmission efficiency after thermal cycles and for adhesive strength. 
Bonding of silica elements
Two silica rectangular blocks each 17 × 12 × 6 mm, were bonded using a fast sol-gel resin. The fast sol-gel material was applied by spinner on one surface of each block and, after removal of bubbles, the two elements were attached. A 24 hour thermal curing at 65 • C was used. The bonding layer between the blocks can be controlled using the method of applying the resin, such as the spinner or by dipping. A 15 µm thickness fast sol-gel layer produced strong optical bonding. Figure 7 presents a side view of two bonded silica blocks with a 15 µm fast sol-gel bonding layer. The environmental stability of the bonding was tested by temperature cycling in the range -40 • C -+85 • C. The transmission spectrum which was measured afterward (shown in Figure 8 ) exhibits a clear transparency (> 90%, losses only due to surface reflections) over all the visible range from 300 nm up to 2,000 nm. The absorption peaks at 1180, 1380 and 2280 nm are due to the inorganic residues of the silica precursors (water molecules H-bonded to silanol groups and free silanol groups), and absorption peaks at 1680, 1730, 2350 and 2450 are due to the organic residues (absorption of organic tails groups). material. A Devecon 5 minutes Epoxy adhesive material with adhesive tensile lap shear of 13 MPa was used as reference. Figure 9 shows the applied load force as function of stretch length. A value of at least 10 MPa was observed for the fast sol-gel materials, at which value a failure in the slides was observed. The bonding area remained intact.
Bonding between silica element and silicon wafer
A system which combines transparent silica optical elements and semiconductor-based detectors requires the ability to directly bond the silica elements to the detector wafer. We have demonstrated such possibility by bonding a silica rectangular block to a silicon wafer in a procedure similar to the one presented in the previous section. In this case the samples were tested under temperature cycles in the range -10 • C -+120 • C without obtaining any damage to the fast sol-gel bonding layer.
Bonding of silica fibres
Silica fibres were bonded in several configurations; tip to tip and side attachment, where the intermediate region is the fast sol-gel material. An adhesive strength of about 7 MPa was found for tip to tip bonded fibres. With fibres, matching the refractive index of the optical bonding material to the fibre is essential for the highest transmission performance. By matching the refractive index of the fast sol-gel to the refractive index of fused silica fibres (n = 1.458) we observed more than 95% transmission efficiency through the bonded fibres with irradiation of several hundred Watts. The bonded fibres environmental stability was tested by temperature cycling in the range -40 • C -+85 • C without change in the transmission efficiency. In addition the bonded fibres withstand 5 kW/cm 2 light radiation without decrease in transmission.
CONCLUSION
A sol-gel hybrid organic/inorganic with a low organic content (∼ 20 wt%) and controllable refractive index was developed for strong optical bonding. It exhibits excellent optical properties with glass-like mechanical characteristics. Due to the low organic content the dominant properties are glass-like, allowing the material to withstand high temperatures and high light power. The fast sol-gel material was proven to be useful for optical bonding of silica elements, silica elements to silicon wafers and silica fibres. It was tested under temperature cycles in the range -40 • C up to 120 • C and several hundred Watts illumination (5 kW/cm 2 ), without causing any damage to the bonding, while retaining transmission efficiency of ∼ 95%.
